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As  shown in  preceding papers,  the  resistance  of mice to  certain  bacterial 
diseases  is  conditioned  by the  concentration  of  proteins  in  the  diet  fed  the 
animals  before infection,  and  also  by the  relative proportion  of the  various 
amino acids in this diet (1, 2). Throughout these earlier studies, resistance was 
estimated in terms of survival time of the animals after infection. The experi- 
ments to be reported in the present paper constitute a first step in the analysis 
of  the  mechanisms through  which  the  nutritional  state  affects resistance  to 
bacterial disease. Attention will be focussed here on two different and perhaps 
unrelated  aspects of  this  problem,  (a)  the  fate of  the  infective organisms in 
the tissues of hosts placed on various nutritional  regimens, and  (b) the effect 
of these regimens on the ability of the host to resist the toxic effects of infection. 
Methods and Results 
The origin  and  management of the  bacterial  cultures  and  animals used  in  the 
present study have been described  in earlier publications from this laboratory (3), as 
have the techniques used for the quantitative enumeration of bacteria in the tissues 
of infected animals (4, 5). 
A. The Effect of Diet on t~ Fate of Bacteria in Vivo.--Under usual conditions 
of test,  coagulase-negative staphylococci are not virulent for mice. They are 
rapidly cleared from the blood stream of normal animals and are destroyed in 
their organs.  However, it was found in  the  course of the present study that 
mice fed inadequate  diets became susceptible  to doses of these staphylococci 
that were not  lethal for animals fed a  diet  rich  in  casein.  Experiments were 
therefore conducted to determine the fate of coagulase-negative staphylococci 
in  the  organs  of  mice kept  under  nutritional  regimens  that  increased  their 
susceptibility to these organisms. 
Mice were maintained continuously for a period of 15 days either on corn grain as sole 
source of food or on complete diets containing either 20 per cent or 5 per cent casein (supple- 
mented with cystine). They were then infected by the intravenous route with various doses of 
an overnight culture of coagulase-negative  Staphylococcus albus (strain Air). For the purpose 
of injection, the  staphylococcal cells were separated  from the  medium by centrifugation 
and the desired dose of bacterial cells resuspended in 0.2 ml. of 5 per cent glucose. The times 
of death of the infected animals are reported in Table L 
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In a parallel experiment, mice fed for 2 weeks diets containing 20 per cent or 5 per cent 
casein (as in Experiment  1) were infected by the intravenous route with 0.5 ml. of the same 
strain  of coagulase-negative staphylococci (strain  Air). They were sacrificed at various in- 
tervals of time after infection and the numbers of staphylococci that could be recovered from 
their  organs were determined  by quantitative  bacteriological techniques  (Table II). 
As seen in Table I, mice fed the high casein diet were more resistant to large 
doses of avirulent  coagulase-negative staphylococci than were mice fed either 
corn or the low casein diet. Yet, this difference could not have been predicted 
TABLE I 
The Effea  of  Diet on the Susceptibility of Mice to Coagulase-Negative Staphylococci 
Male mice infected intravenously with Staph. albus (strain Air). 
Diet (15  days before infection) 
20 per cent casein 
5 per cent casein 
Corn 
Infective 
dose* 
mL 
2.5 
3.5 
5.0 
2.5 
3.5 
5.0 
No. of mice 
Cumulative desths at indicated 
hours (h.) postinfection 
3~h.  Sh.  I  8h.  }  24h. 
2.5 
3.5 
5.0 
7 
6 
4 
No deaths 
~g  ~t 
cg  ¢~ 
No deaths 
0  2  2 
1  1  2 
2  2  2 
2  2  4 
2  4  S 
* The cells from overnight  culture  were separated  from broth and injected  in 02 ml. of 
5 per cent glucose. 
from the results  of studies  of the fate of these  staphylococci in the different 
groups of animals. As seen in Table II, animals fed either 20 per cent or 5 per 
cent casein were equally able to eliminate  the staphylococci from their blood 
stream and from their various organs. This lack of difference appears the more 
surprising when it is noticed that the animals on the low casein diet had lost 
weight at the time of infection whereas the others had gained weight. 
A  pattern  of  results  similar  to  that  provided  by  the  coagulase-negative 
avirulent  staphylococci was  observed  when  the  tests  were  carried  out  with 
cultures  of a  Gram-negative  bacillary species--Klebsiella  pneumoniae--which 
had been rendered  highly virulent  for mice by repeated  in  vivo  passages.  It 
has been repeatedly  shown in this  laboratory  that mice fed a  complete diet 
rich in casein (15 to 20 per cent)  are more resistant  to Kl~siella  pneumoniae 
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casein in low concentration (5 per cent). Mice on a  regimen  consisting  solely 
of corn grain are extremely susceptible to bacterial infection.  These findings 
have  been described  in  the  preceding  paper  and  need  not  be documented 
further  at  this  time.  The  following  experiment  was designed  to  determine 
whether the susceptibility to Klebsidla infection brought about by inadequate 
diets was the expression of mechanisms affecting the fate of the bacteria in vivo. 
Three groups of mice were fed either corn grain as sole source of food, or complete diets 
containing 5 per cent or 20 per cent casein. One week after being placed on these regimens they 
were inoculated by the intravenous route with 0.002 ml. of overnight culture of Klebsldla 
~umonia¢ type C. The animals were sacrificed at short periods of time after infection to de- 
termine the numbers of colonies of Klebdella that could be recovered from the organs (Table 
III). 
TABLE II 
T]~ Fate of Coagulase-Negative Staphylococci in the Organs of Mice 
Male mice infected intravenously with 0.5 mL Stap& albus (strain Air). 
Diet (14 days 
before infec- 
tion) 
~Sf fS~t 
~0per cent 
casein 
5 per cent 
A:°e 'hVl 
change 
gfn. 
-I-1.1 
--3.2 
Organ 
Blood 
Liver 
Spleen 
Lung 
Kidney 
Blood 
Liver 
Spleen 
Lung 
Kidney 
Nos. of 3topkylococcus  colonies recovered at indicated hours 
(h.) postinfection* 
lh.  4h.  I  24h. 
100,  50,  50,  30,  20 
500, 500, 500, 500, 500 
200, 200,  50,  50,  50 
200,  200,  50,  50,  50 
50,  30,  30,  30,  20 
100, I00,  50,  30,  20 
S00, 500, 500, 500, 500 
200, 200, 100, 100s 100, 
200, 200, 100, 100, 100 
SO,  50,  50,  50,  30 
30,  20,  4,  3,  1 
500,  SO,  50,  50,  30 
12g  14,  30,  12,  14 
14,  16,  5,  10,  3 
7,  2,  4,  5,  5 
I00,  50,  20,  7,  5 
500, 500, 500, 30,  30 
50,  50,  20,  2,  9 
50,  50,  30,  12,  10 
1,  O,  O, 
I,  1,  1, 
5,  3,  2, 
I,  1,  1, 
10,  30,  1, 
0,  0 
I,  0 
1,  3 
0,  I 
20,  1 
12,  20,  7,  5,  9 
1,  1,  O,  O,  0 
21  1,  2,  2,  I 
O,  1,  2,  3,  2 
2,  I,  7,  1,  1 
20,  3,  10,  1,  1 
* The figures multiplied by I00 glve approximate  numbers of colonies recovered per whole organ, or per 
milliliter of blood. The figure 500 corresponds to 50,000  colonies or more. The figure I corresponds to I00 colonies 
or less. 
Despite the fact that mice fed on corn grain lost a great deal of weight, and 
died very rapidly of KlebsieUa infection,  these malnourished  and highly sus- 
ceptible animals  retained a  marked  ability to eliminate virulent  bacilli  from 
their organs,  at least during the first 24 hours after infection (Table III). This 
fact is further illustrated by the following experiment. 
Male mice fed either corn grain, or the 15 per cent casein diet, for a period of 12 days, were 
infected with 0.02 ml. of an 18 hour old culture of Klebsidla pneum~iae type C. Some of them 
were sacrificed 4 hours or 24 hours after infection in order to determine the numbers of bacilli 
in their organs. The others were left undisturbed to determine the survival time following in- 
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Although half of the animals fed corn had died within 24 hours after infection 
(Table IV Part A), it was found in this case again that for the first 6 hours 
their  ability  to  eliminate  bacteria from their  organs was  greater  (Table  IV 
Part B) than could have been assumed.  It is true that at the 4  hour period 
more bacteria were present in the organs of corn-fed mice than in those on the 
casein diet.  But on the other hand, it is worth emphasizing that a  profound 
fall in the bacterial population occurred during the subsequent 20 hours even 
though most animals would have rapidly died of infection had they not been 
sacrificed. 
TABLE  III 
TI~ Fa~e of Kte~bsidla pneumonia~ in the Organs of Mi~e 
Male mice infected  intravenously  with 0.002 ml. Kl. pncumonia~ (Type C). 
per c~t 
20 per cent 
casein 
5 per  cent 
casein 
Corn 
I 
Diet (7 days  Average] 
before infec-  weight 
tion)  change 1 
Sin. 
+1.1 
-2.3 
-3.0 
Organ 
Blood 
Liver 
Spleen 
Lung 
Kidney 
Blood 
Liver 
Spleen 
Lung 
Kidney 
Blood 
Liver 
Spleen 
Lung 
Kidney 
Nos. of colonies recovered at indicated hours (h.) postlnfection* 
lh.  ] 
11,  7,  6,  5,  3 
Not done 
Ki  ¢4 
50,  20,  20,  20,  10 
Not done 
30, 30,  10,  ?,  5 
Not done 
~6  ¢I 
4h. 
16,  16,  11,  5,  2 
40,  30,  30,  30,  20 
50,  50,  50,  30,  30 
3,  2,  7,  1,  1 
1,  1,  1,  I,  1 
100,  100,  100,  100,  12 
100,  100,  100,  30,  50 
100,  100,  100,  100,  100 
11,  4,  2,  1,  3 
10,  9,  1,  1,  1 
100,  100,, 100,  100,  12 
100,  100,  100,  50,  50 
100,  100,  100, 100,  100 
20,  5,  3,  2,  1 
20,  2,  2,  1,  1 
24 h. 
11  1~ 
3,  2, 
3,  1, 
1,  O, 
O,  O, 
100,  1, 
7,  3, 
12,  16, 
1,  O, 
1,  O, 
0,  0,  0 
2,  1,  1 
5,  3,  4 
1,  0,1 
0,  0,  0 
1,  O,  0 
3,  t,  0 
14,  t,  4 
1,  1,  2 
O,  1,  0 
200,  20,  1,  1,  0 
20,  1,  1,  3,  1 
20,  1,  3,  1,  1 
20,  1,  1,  0,  1 
20,  0,  0,  0,  0 
"Numbers to be multiplied  by 1,000 for whole organ or for 1 ml. blood. 
The failure  of nutritional  deficiencies  to abolish  the  bactericidal power of 
tissues  is  particularly  striking  when  virulent  staphylococci are  used  as  test 
organisms. 
Male mice were fed either pellets, corn, or the synthetic gluten-lysine diet described in 
the preceding paper. Twenty days after being placed on these diets they were infected by the 
intravenous route with 0.05 ml. of an 18 hour old culture of coagulase-positive  Staphylococcus 
aureus (strain Giorgio). Some of the animals were sacrificed 9, 24, or 48 hours after infection 
in order to determine the number of viable cocci  in their organs  (TableV, Part B). The others 
were left undisturbed and were observed to determine the survival time following infection 
(Table V, Part A). 
In confirmation of the results presented in the preceding paper, it was found 
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to  the  staphylococcal infection than  did  the  animals  fed pellets  (Table V, 
Part A). It is of interest to point out that in this case again supplementation 
of the gluten diet with lysine allowed good weight gain of the uninfected ani- 
mals, but did not correct their susceptibility to infection. It is also apparent 
(Table V, Part B) that irrespective of the nature of the diet the animals re- 
tained the ability to eliminate large numbers of staphylococci from their organs. 
TABLE IV 
Comparative  Effects  of Nutritional  State  on  Survival  Time  of Mice  Infected  with Klebsidla 
pneumoniae  and on Fate of Bacteria in Tluir Organs 
Male mice infected intravenously with 0.02 ml. of Kl. traeumoniae  (Type C). 
Part A 
Diet (12  days before infection) 
15 per cent casein 
Corn 
Average 
weight change  No. of mice 
gin. 
+3.2  15 
-3.0  15 
Cumulative deaths at indicated days 
(d.) postinfection 
2d.  3d.  4d.  5d.  6d. 
I 
1  7  [  7  8  II 
8  8  [  9  11  13 
Part B 
Nos. of colonies  recovered  at indicated  hours (h.) postinfectlon*  Diet (12 
days before 
infection) 
15 percent 
casein 
Corn 
Average 
weight 
change 
gm. 
+3.2 
--3.0 
Organ 
Blood 
Lung 
Spleen 
Blood 
Lung 
Spleen 
4h.  24 hr. 
5,  6,  3,  200,  200 
1,  O,  1,  19,  5 
200,  500,  500,  500,  500 
500, 200, 200, 500, 500 
200, 200,  6,  500, 500 
200,  200, 500, 500, 500 
20,  20,  I,  5,  0 
20,  12,  I,  20,  1 
I00, I00,  9,  I00,  7 
16,  2,  16,  Dead, Dead 
1,  4,  20,  "  " 
100, 300, 30,  "  " 
* As in Table III. 
In fact, no difference whatever in bactericidal power could be detected among 
the three diets by the technique used in this study. 
In the course of experiments designed to follow the trend of the bacterial 
population at intervals of time in the various organs of infected animals,  it 
was commonly observed that the organs of moribund mice which had been fed 
defective diets and were sacrificed just before death did not yield more colonies 
than the organs of mice which had been fed the diet rich in casein and which 
were likely to survive much longer. It must be acknowledged that the signifi- 
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technical  difficulties--in  particular the limitations in accuracy of the quanti- 
tative bacteriological  techniques  and  the variance from animal to  animal. 
Nevertheless, the findings suggested the possibility that the cause of early  death 
TABLE V 
Comparative Effects of Nutritional State on Survival Time of Mice Infected with Staph. aureus, 
and on Fate of Staphylococci in Their Organs 
Male mice infected intravenously  with 0.05 nil. of Stapk. aureus (strain Giorgio). 
Part A 
Diet (20 d~ya before infection) 
Pellets 
~orn 
~0 per cent gluten -]- I  per 
cent I,-lysine 
Average weight  No. of mice 
change 
+5.6  8 
--5.0  8 
+3.1  8 
Cumulative deaths at indicated days (d.) 
postinfection 
3d.  4d.  5d.  10d. 
1  1  1  2 
4  4  5  6 
1  4  5  5 
15 d. 
3 
6 
Part B 
Nos. of colonies recovered at indicated hours Ca.) postinfection* 
Diet  (20 days 
before infection) 
Pellets 
Corn 
20 per cent gluten 
+  1 per cent 
lysine 
Organ 
Blood 
Liver 
Kidne: 
Spleen 
Lung 
Blood 
Liver 
Kidne~ 
Spleen 
Lung 
Blood 
Liver 
Kidne'. 
Splee~ 
Lung 
9h.  2,th.  48h. 
100,  100,  200,  200,  100 
500,200,500,500,500 
100,  50,  50,  100,  100 
200,  500,  100, 500,  200 
100, 100, 100, 200, 200 
50,  50,  50,  100,  50 
500,  200,  500,  500,  200 
100,  5,  200,  100,  100 
100, 500,  9,  100, 100 
100, 100, 200, 100, 100 
100,  100,  200,  200,  50 
200,  500,  500,  200,  100 
200,  200,  500,  200,  200 
200,  200,  200,  500,  200 
100, 100, 100, 200, 100 
1,  O,  2,  50, 
5,  50,  50,  200, 
200,  50,  500,  500, 
50,  200,  500,  200, 
1,  1,  1,  1, 
1,  2,  50,  O, 
6,  50,  5,  5, 
500,  100, 500, 500, 
O,  5,  500,  2, 
1,  1,  2,  1, 
1,  1,  1,  50, 
4,  50,  50,  50, 
3,  500,  500,  500, 
50,  50,  500,  50, 
I,  1,  1,  50, 
1 
200 
500 
100  1, 
1  3, 
2  O, 
50  O, 
500  200, 
1  1, 
1  O, 
1  50, 
1  O, 
200  O, 
50  1, 
0  50, 
1,  O,  1, 
O,  200, 500, 
1,  200, 500, 
200, 500, 
1,  O, 
O,  200, 
1,  500, 
1,  500, 
1,  1, 
1,  i, 
200, 0 
I, 3 
I, 0 
I, 0 
50, 0 
O,  0 
1,  1 
1,  1 
I,  1 
O,  0 
O,  O,  1,  1 
50,  200,  1,  0 
200,  500,  1,  0 
1,  1,  1,  1 
O,  1,  1,  3 
* Numbers to be multiplied by 100 to give approximate total numbers of colonies recovered from the whole 
organ or 1 ml. of blood. 
among nutritionally deficient  animals  might have been  the greater suscepti- 
bility of these animals to the toxic effects of infection rather than more extensive 
bacterial multiplication in their organs. 
In order to test this working hypothesis,  advantage was taken of the fact 
that under the proper conditions  treatment of mice with the endotoxins  of R.  J.  DUBOS AND R.  W.  SCHAEDLER  941 
Gram-negative bacilli increases  their  susceptibility to  such  an  extent  that 
many animals die within a  few hours after infection. The experiments now to 
be described deal with the effects of nutrition on the infection-enhancing  effect 
of endotoxin, with regard both to survival time of the infected animals and to 
the fate of bacteria in their organs. 
Male mice were maintained for 26 days on a complete diet containing either 20, 8, or 5 
per cent casein. They were then infected by the intravenous route with 0.05 ml. of an over- 
night culture of a virulent coagulase-positive strain of Staphylococcus aureus  (strain Giorgio). 
Some of the animals received 0.1 rag. and others 0.03 rag. of endotoxin simultaneously with the 
TABLE VI 
Effect of Dietary  Protein on Enhancement  of Stapkylococcal Infeaion by Endotoxin 
Male mice infected intravenously  with 0.05 mi. Stapk. aureus  (strain Giorglo). 
Diet (26 days before 
infection) 
20 per cent casein 
8 per cent casein 
5 per cent casein 
Average 
weight 
change 
+5.1 
¢c 
~c 
+3.3 
c~ 
~c 
+0.9 
Endotoxin* 
0 
0.03 
0.10 
0 
0.03 
0.10 
0 
0.03 
O.  10 
NO. ¢ 
mice 
10 
19 
20 
8 
20 
19 
9 
20 
20 
Cumulative deaths at indicsted days (d.) 
postinfection 
ld. 
0 
0 
3 
0 
2 
6 
0 
9 
11 
2d. 
0 
4 
7 
2 
5 
9 
4 
15 
18 
3d.  4d. 
I  3 
5  10 
7  9 
4  4 
7  11 
10  14 
1  19 
19  19 
5d. 
4 
13 
13 
6 
15 
15 
7 
19 
20 
* Endotoxin of Serrrgia marcescens mixed with infective inoculum. 
infective  dose of staphylococcus. The endotoxin was a crude fraction  prepared from a culture 
of Serrogia marcescens  (Lot 902148, distributed  commercially by Difco and Co., Detroit). 
The endotoxin and the bacterial inoculum were mixed and injected intravenously together 
in a final volume of 0.2 mi. of 5 per cent glucose. The times of death of infected animals are 
presented in Table VL 
The results presented in Table VI confirm that endotoxin enhances the sus- 
ceptibility of mice to virulent staphylococci (as estimated by survival time). 
They reveal furthermore that this infection-enhancing  effect can be made even 
more dramatic by maintaining the animals on a  low protein diet prior to in- 
fection. 
In a similar experiment, male mice which had been maintained for 7 days on whole corn 
grain as sole source of food were compared with mice fed the 20 per cent casein diet. All animals 
were infected by the intravenous route with 0.02 mi. of an overnight culture of coagulase- 942  NUTRITION AND  RESISTANCE  TO  INFECTION 
positive staphylococci (strain Giorgio), and half of the animals on the corn diet received in 
addition 0.1 rag.  of endotoxin (as in the preceding experiment). The effect of these regimens 
was studied by determining the number of staphylococci that could be recovered from the 
organs of mice sacrificed  at various intervals of time after infection (Table VII). 
Animals fed corn as the sole source of food proved the most susceptible to 
the combined effect of the endotoxin and virulent staphylococci (Table VII). 
TABLE VII 
Effect of Nutritional  Sta~ and of Endotoxin on the Fa~ of Staphylococci in the Organs of Mice 
Male mice infected intravenously with 0.02 ml. Staph. aureus (strain Giorgio). 
Diet (7 dg.ys 
before infec- 
tion) 
20 per cent 
casein 
Corn 
Corn 
* The endotoxin from E. coli was mixed with the infective inoculum. 
~/As in Table III. 
However, it is of special interest that with these organisms as with coagulase- 
negative cocci or with KlebsieUa pneumonlae, the differences in mortality could 
not have been predicted from the results of the studies of bacterial populations 
in the various organs. The animals fed corn were in a  state of profound nu- 
tritional deficiency as known from the fact that they had lost much weight at 
the  time  of  infection.  Yet  their  ability  to  eliminate  virulent  staphylococci 
from their tissues was not very different from that of animals fed the 20 per 
cent casein diet. As was to be expected, the  staphylococci multiplied  in the R.  J.  DUBOS  AND  R.  W.  SCHAEDLER  943 
kidneys d  both groups of animals but they were present in only small numbers 
in the other organs 5 days after infection. 
Addition of endotoxin to the infective inoculum changed so profoundly the 
course of the disease  that many of the animals had died within the first  24 
hours after infection. Yet, the study of the bacterial populations in the organs 
during the first 6 hours after infection did not reveal any striking effect of the 
endotoxin (Table VII). Explosive multiplication of the pathogens took place 
only at the time of death. Until that time, the fate of the staphylococci in the 
organs  of  the  animals  fed  corn and  which had  received  endotoxin was  not 
TABLE VIII 
Effect of Diet on Susceptibility of Mice to Endotoxin 
Endotoxin from Serratia marcescens injected intravenousl,, in 0.2 ml. into female mice. 
Diet 
20 per cent casein 
~orn 
~0 per cent casein 
~.0  "  "  gluten 
Zorn 
Days 
on 
diet 
14 
14 
14 
21 
21 
21 
Average 
weight 
change 
gm. 
+0.7 
--0.4 
+3.4 
+1.4 
-1.1 
+2.5 
--2.9 
--4.8 
Endo- 
toxin 
mg. 
0.2 
0.2 
0.25 
0.25 
0.25 
0.2 
0.2 
0.2 
No. of 
mice 
10 
10 
10 
10 
10 
15 
15 
15 
.~0 per cent casein 
.'orn 
Cumulative deaths at indicated 
hours (h.) postinfection 
5h. 
1 
7 
0 
2 
7 
0 
0 
12 
7h.  9h. 
0  1 
2  3 
7  9 
0  0 
0  0 
12  12 
llh.  18h.  24h. 
1  4  -- 
3  5  -- 
9  10  -- 
0  0  2 
5  5  8 
15 
obviously different from that observed in the animals fed the 20 per cent casein 
diet and not treated with endotoxin. 
B.  Effect  of  the  Nutritional  State  on  the  Susceptibility  of Mice  to  Bacterial 
Endoto~ins.--The  following  experiments  provide  direct  evidence  that  the 
susceptibility of mice to endotoxin is affected by their nutritional state at  the 
time of its administration. 
Two groups of mice were maintained for 9 days on corn grain as sole source of food, or on 
a complete  diet containing  20 per cent casein. On the 9th day, they received by the intravenous 
route 0.2 rag. of an endotoxin preparation derived from Serratia marcescens and distributed 
by Difco Co. under Lot 902148 (Table VIII). 
Seven out of the 10 mice fed the corn diet died within 5 hours after injection 
of  the  endotoxin;  the  other  three  animals  appeared  sick but  eventually re- 
covered. Of the 10 mice fed the 20 per cent casein diet, one died  immediately 
after  infection;  the  others  remained  well.  In  other  experiments  of  similar 944  NUTRITION AND  RESISTANCE  TO  INFECTION 
design, it was repeatedly observed that a  few animals died within a  very short 
time  after injection of the endotoxin,  irrespective of the  composition of  the 
diet. But in the large majority of cases, the lethal dose was smaller for animals 
fed the inadequate diets. This fact is illustrated in the other two experiments 
outlined in Table VIII. 
It was  a  constant finding that the animals fed corn grain as sole source of 
food were extremely susceptible to the lethal effect of the endotoxin. As these 
animals lost a  great deal of weight on this nutritional regimen, it was thought 
of interest to test whether their greater susceptibility was merely an expression 
of smaller body size. 
TABLE IX 
Eff~t of Diet on Suseeptibii~y to Two Different Endotoxins 
Female mice challenged intravenously with endotoxin from E. coli or Kl. pneumoniae. 
Diet (6 days  Average 
before infec-  weight 
tion)  change 
&m. 
Pellets  -}-2.4 
"  +3.1 
Corn  --1.5 
"  --1.4 
Pellets  +4. t 
"  +3.7 
Corn  -  1.2 
"  -1.3 
Endotoxin (intravenous) 
Kl. pneumoniae 0.3 nag. 
....  0.2  " 
"  "  0.2  " 
"  "  O. 1  " 
E. coil 0.3 mg. 
"  "  0.2  " 
"  "  0.2  " 
"  "  0.1  " 
NO. 0 
mice 
13 
32 
30 
15 
10 
11 
lO 
11 
Cumulative deaths at indicated 
hours (h.) postinfection 
5h.  9h.  3h.  24h. 
1  2  2  3 
1  2  2  4 
7  19  20  21 
4  10  10  10 
0  1  1  2 
1  1  I  1 
3  4  4  4 
1  3  3  5 
Two groups of female mice were fed either pellets or corn grain for a period of 6 days. They 
were then challenged by the intravenous route with amounts of endotoxin ranging from 0.1 
to 0.3 rag. Two different endotoxins were used. One was prepared in our laboratory  from Kleb- 
s#21a p~umoniae  type C. The bacterial cells were separated by centrifugation from an 18 
hour old culture in glucose broth. They were extracted in the cold for 24 hours with 5 per cent 
trichloracetic  acid. This extract was ciaKfied by centrifugation and precipitated  with 4 volumes 
of cold acetone. The precipitate was washed with an acetone ether mixture and air-dried. The 
other endotoxin, derived from Esd.~richla toll, was a commercial preparation distributed by 
Difco and Co. (Lot 109981). Both endotoxins were dissolved in saline and injected in a tinal 
volume of 0.2 ml. (Table IX). 
As seen in Table IX, the LDs0 of either one of the two endotoxins was of the 
order of 0.1  rag.  for the animals fed on  the  corn diet, whereas  it was  larger 
than 0.3 rag. for the animals fed pellets. It is clear therefore that the increase 
in susceptibility to the endotoxin brought  about by defective diets cannot be 
explained in terms of the smaller body size of the animals on the deficient diet. R.  J.  DUBOS  AND  R.  W.  SCHAEDLER  945 
In view  of the fact that  malnourished animals are highly susceptible to the 
lethal  effect  of  endotoxins,  it  seems  likely  that  the  rapidity  of  their  death 
following infection with  Klebsidla  pneumonia,  can be  explained  in part  by  a 
lack of resistance to the toxic effects of thesemicroorganisms. Although staphylo- 
TABLE  X 
E.gezt of Diet on Res~stanze of Mice to Toxic E.~u~  of Avirulent Staphylococci 
Male mice infected intravenously with mixtures of Staph. a/bus and endotoxin. 
Days  Average  Stapk.  No. of  Diet  on  weight 
diet  chsnge  albus*  mice 
Cumulative deaths at indicated  hours 
Ca.) postinfection 
4h.  I  6h.  9h.  12h.  24h. 
20 per cent casein  8  15  1  .... 
.70  "  "  "  10  ..... 
20  "  "  "  10  0  0  2  --  -- 
5  "  "  "  8  15  ..... 
5  "  "  "  10  0  2  4  6 
5  "  "  "  10  0  0  3  6  7 
Corn  8  15  0  0  2  --  -- 
"  10  0  2  3  4  7 
"  10  0  4  5  8  9 
20 per cent casein  10  10  0  0  0  0  2 
5  "  "  "  10  0  0  0  5  6 
20  "  "  gluten  10  0  0  0  2  6 
20 per cent casein  14  10  0  0  0  0  2 
5  "  "  "  10  0  0  0  2  7 
~0  "  "  gluten  10  0  0  0  4  8 
20 per cent casein  14  10  1  .... 
20  "  "  "  10  .... 
20  "  ....  10  0  0  0  4  6 
5  "  "  "  14  10  .... 
5  "  "  "  I0  ..... 
5  "  "  "  10  2  4  4,  7  8 
* Cells from overnight culture of Staph.  albu,  (strain 
ml. of 5 per cent glucose containing 0.1 rag. of endotoxin 
:~ No endotoxin was used in these two cases. 
Air) injected intravenously in 0.2 
from Serratla  raarcescens. 
cocci  are not  known  to  produce  materials  similar  to  the lipopolysaccharide 
endotoxins  of  Gram-negative  bacilli,  it  appeared  worthwhile  nevertheless  to 
determine whether  a  similar mechanism  does not come into play in staphylo- 
coccal  infections.  One  might  assume  for  example  that  some  of  the metabolic 
activities or products  of  staphylococci  cause  a  form  of  toxemia  which  can be 946  NUTRITION AND  RESISTANCE  TO  INFECTION 
aggravated by malnutrition. This hypothesis was put to the test by observing 
the effect of various diets on the death rate of mice which had received large 
doses of avirulent, coagulase-negative Staphylococcus alb~ in admixture with 
small amounts  of endotoxin. The doses were so designed that  death  of the 
animals occurred within a very few hours after infection. These test conditions 
minimized greatly any possible role of bacterial multiplication in the results, 
especially since Staphylococcus albus is not virulent for mice and  is  rapidly 
eliminated from their organs (see Table II). 
The procedures used in three separate experiments are summarized in Table X. The animals 
were kept for 1 to 2 weeks on the experimental  diets before infection. As the infective doses 
of coagulase-negafive  staphylococi  were large (0.5 to 1.5 ml. of an 18 hour old culture), the 
ceils were separated from the culture medium by centrifugation and resuspended in 0.2 nil. 
of 5 per cent glucose  for intravenous injection. Where endotoxin was used, 0.1 rag. was re- 
suspended with the staphylococci  and injected simultaneously with the i~ective inoculum 
(Table X). 
As appears from the results presented in Table X, a large percentage of the 
mice fed deficient diets died within  12 hours following the simultaneous in- 
jection  of  living  avirulent,  coagulase-negative  staphylococci,  along  with  a 
sublethal dose of endotoxin. The rapidity of the lethal outcome suggests that 
it resulted from the toxic effects caused by the presence of the bacilli. In fact, 
the animals appeared to be in a profound state of toxemia within 1 to 2 hours 
after injection of the  staphylococci-endotoxin mixture.  As  the same dose of 
heat-killed  cocci did  not  produce the  same  effects, it  seems  probable  that 
toxemia was the expression either of some heat-labile staphylococcal toxin or 
of the metabolic activities of the bacteria. 
C. Simultaneous  Injection  of P.ndotoxin and Bacteria as a Rapid Test of the 
Nutritional  State.--As shown in earlier publications and confirmed in the pre- 
ceding  paragraph,  the  susceptibility  of  mice  to  various  types  of  bacterial 
diseases  can  be  markedly  increased  by  administration  of  endotoxin.  This 
experimental system has proven useful in the development of rapid tests for 
the study of certain nutritional effects--as illustrated in the following experi- 
ments. 
Male mice were fed synthetic diets containing either 20 per cent casein, $ per cent casein, 
or 20 per cent gluten. All the diets were supplemented with L-cystine.  The animals were di- 
vided into three subgroups which were infected either 7 days, 15 days, or 21 days after being 
placed on the experimental diets. In all cases,  the infective inoculum consisted of 0.05 ml. of 
an 18 hour old culture of Staphylococcv.s  aureus  (Giorgio) injected by the intravenous route. 
At the same time, the animals received 0.1 nag. of endotoxin by the intraperitoneal route 
(Table XI). 
AS appears from the results presented in Table X_I, administration of endo- 
toxin intraperitoneally at the same time as the infective dose (intravenously) R.  J.  DUBOS  AND  R.  W.  SCHAEDLER  947 
permitted to detect the effect of the diet on resistance within 2 to 3 days after 
infection. Certain modifications of this technique which will be described in a 
forthcoming publication have led to a  further reduction of this lapse of time 
and to a  greater ease in differentiating between the effects of various diets on 
resistance. 
One final example will be selected to illustrate further the possible uses of 
the  simultaneous administration of  endotoxin and  infectious agents  in  the 
study of the effect of the nutritional state on resistance. 
TABLE XI 
Simultaneous Injection of Staphylococci  and E~loto~  as a  Test, of Nulrltlom31  Stale 
Male mice infected intravenously  with 0.05 ml. Staph. aureus (strain Giorgio).* 
Diet 
20 per cent casein 
20  "  "  gluten 
ZO per cent casein 
.~0  "  "  gluten 
.~0 per cent casein 
~0  "  "  gluten 
Days 
on 
diet 
15 
15 
15 
21 
21 
21 
Average 
weight 
change 
+3.2 
--2.1 
+2.1 
+8.1 
-0.3 
+3.4 
+8.0 
-3.3 
+1.9 
No. of 
mice 
Cumulative deaths at indicated days (d.) 
postinfectinn 
ld.  2d.  3d. 
1  2 
4  6 
3  3 
0  1 
5  6 
3  4 
2  3 
5  7 
2  6 
4d.  Sd. 
2  2 
7  7 
5  5 
3  3 
7 
5  5 
3  3 
6  6 
6d.  7d.  8d.  9d. 
5  7  8 
8 
7  8 
6  --  --  -- 
6 
3  5  5  7 
6  8  --  -- 
* The infective inoculum was injected intravenously  at the same time as 0.1 rag. of endo- 
toxin from Scrro~/a marcesccna intraperitoneally. 
Female mice were maintained  for 5 days either on corn grain as sole source of food, or on a 
complete diet conta;-;ng  20 per cent casein. On the 6th day after the beglnni,g  of the experi- 
ment, half the mice which had been fed corn were changed to the casein diet; the others were 
continued on their original regimen. Eight days later, all animals were infected with 1 rag. of 
coagulase-negafive  staphylococci (strain Air) (lyophilized) in admixture with 0.1 rag. of endo- 
toxin  from  Serra~  marcescens.  The staphylococci-endotoxin mixture  was injected  intra- 
venously in a volume of 0.2 ml. of 5 per cent glucose. The times of death are presented in 
Table XII. 
In agreement with results described earlier, mice maintained continuously 
on the 20 per cent casein diet proved much more resistant to the simultaneous 
injection of endotoxin and coagulase-negative staphylococci than did mice fed 
the corn diet. Mice which had been fed corn for 5 days and were then placed 
on the casein diet for  7  days,  regained the weight they had lost, but at the 948  NUTRITION  AND  RESISTANCE  TO  INFECTION 
time d  the infection  test  they were still much lighter than  those kept  con- 
tinuously on the 20 per cent casein diet. Nevertheless,  their resistance to in- 
fection had completely returned to normal and they could not be differentiated 
in  this  regard from the  heavier animals  which  had  received the  casein  diet 
throughout.  In  other  words,  resistance  to  the  endotoxin-cocci  mixture  was 
regained more rapidly than could have been predicted from study of the weight 
curve. 
TABLE XII 
Reversing tke Susceptibility to Infection Induced by Corn Diet 
Female mice infected intravenously with  I mg. of Staph.  a/bus and 0.1 rag. endotoxin. 
Average 
Diet (5 days)  weight 
change* 
Casein  +O. 7 
Corn  -  1.7 
"  -1.2 
Diet (7 
days) 
Casein 
Corn 
Casein 
Average 
weight 
change:~ 
gm. 
+1.4 
--2.6 
+1.2 
Total 
weight 
change§ 
gm. 
+2.1 
-4.3 
0 
6h.  9h.  12h,  24h. 
2  3  4  6 
8  9  10  -- 
3  3  4  6 
* Weight change from 1st to 5th day (average for 10 mice). 
~t Weight change from 5th to 12th day (average for 10 mice). 
§ Total weight change from 1st to 12th day (average for 10 mice). 
[[ Following intravenous injection of 1 mg. of Staph.  a/bus cells (lyophillzed) resuspended 
in 0.1 rag. of endotoxin from Serratia marce~cens in 0.2 ml. of 5 per cent glucose. 
DISCUSSION 
The deficient nutritional regimens which were found in the present study to 
increase the susceptibility of mice to various types of virulent bacterial species 
likewise increased their susceptibility to avirulent coagulase-negative staphy- 
lococci and to the endotoxins prepared from Gram-negative bacilli.  In brief, 
it appears that the malnourished animals were less able to resist some of the 
toxic effects of infection than were animals fed a  complete diet containing 20 
per cent casein. 
Quantitative studies of bacterial populations were carried out to determine 
the effect of nutritional  regimens on the fate of bacteria in vivo.  Contrary to 
expectation, the techniques used did not reveal large differences among animals 
on the various diets with regard to the survival and multiplication of bacteria 
in the blood and in the various organs. Even when mice had lost a  great deal 
of weight as a  result of being fed exclusively corn grain for 1 to 2 weeks, and 
had  thereby been rendered  highly susceptible to infection and  to endotoxin, 
they retained much of their ability to clear bacteria from their blood stream, 
and to eliminate them from the various organs tested. Furthermore, bacterial R.  ].  DUBOS AND R.  W.  SCHAEDLER  949 
multiplication when it occurred did not appear more rapid in depleted animals 
than in animals on a high casein diet--at least during the first phase of infection 
It  must be  emphasized  that  these negative findings  do  not rule out the 
possibility that the nutritional state affected the fate of the bacteria in a manner 
not brought out by the present tests. In fact, the tests carried out with Klebs~lla 
pneu~onia~ strongly suggested  that although the tissues of the malnourished 
animals had retained marked clearing and bactericidal ability, their capacity 
in this regard was nevertheless  diminished.  Figuratively speaking, their "satu- 
ration" point for bacteria was apparently somewhat lower than that of animals 
fed adequate diets. 
An attempt was made to deal with this problem by taking advantage of the 
fact that treatment with endotoxin can increase the susceptibility of mice to 
bacterial infection (3).  It was found that the ability of mice to survive the 
combined  injection of endotoxin and bacteria could be profoundly depressed 
by nutritional deficiencies and it was  expected that the ability of deficient 
animals to  eliminate bacteria  from their organs  would be  much decreased 
under the same conditions.  In no case, however, did addition of endotoxin to 
the infective inoculum affect in a detectable manner the trend of the bacterial 
populations in the various organs  during the early phases of the infection-- 
even though the survival time of the animals so treated was very much shorter 
than that of mice which had received the bacteria without endotoxin. 
Taken together, the results obtained in the present study do not provide 
support for the view that the increase in susceptibility brought about by mal- 
nutrition and by injection of endotoxin is the result of a decrease in the clearing 
and bactericidal power of the tissues. Rather, the findings lead to the conclusion 
that the nutritional state can influence the outcome of infectious processes by 
modifying the ability of the animal  to resist the  toxic  effects  of infection. 
Needless  to say, the relationships  between  nutrition and infection must be 
considered from many other points of view. Some of these have been discussed 
in general reviews of the subject recently published  (6, 7). 
SUMMARY 
Mice on inadequate nutritional regimens were found to be more susceptible 
to various bacterial diseases than mice fed a complete diet containing 15 to 20 
per cent casein. The tests of susceptibility included: (a) infections with virulent 
bacteria; (b) injection of large doses of avirulent coagulase-negative  staphylo- 
cocci; and (c) lethal effects of bacterial endotoxins. 
The infection-enhancing  effect of nutritional deficiencies could be rendered 
even more striking by administering the infective inoculum simultaneously 
with a sublethal dose of endotoxin. 
Despite their great susceptibility to infection, malnourished animals retained 
much of their ability to eliminate bacteria from the blood, liver, spleen, kidneys, 95O  NUTRITION  AND  RESISTANCE  TO  INFECTION 
and lungs, at least during the early phases of the infectious processes. This was 
true even when the animals had received endotoxin simultaneously with the 
infective dose. 
The  results  suggest  that  under  the  conditions of  the  present  study,  the 
nutritional state influenced the outcome of infection not primarily by affecting 
the fate of the pathogens in vivo, but rather by modifying the ability of the 
host to resist their toxic effects. 
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